The idea of using cytotoxic drugs, toxins, or radioisotopes coupled to antibodies to destroy hidden tumor cells has been revitalized by the development of the monoclonal antibody (MAb) 1 technology (1). Selected MAb directed against tumor antigens, with their specificity for single antigenic determinants, appear to be the ideal carriers for antitumor agents. However, a prerequisite for all these forms of passive immunotherapy is that the antibodies are capable to reach the target tumor cells in vivo.
We have previously reported encouraging results of tumor localization by immunoscintigraphy in patients with colorectal carcinomas (2, 3) using one MAb (MAb 23) directed against carcinoembryonic antigen (CEA) (4, 5) . However, the amount of radiolabeled antibody localizing specifically within the tumor mass was still relatively low as compared with the amounts of radioactivity remaining in the blood pool, reticuloendothelium, and various normal organs (2, 3) . To improve these results we recently selected a series of MAb with higher affinities for CEA than the previously used MAb (6) and prepared F(ab')2 and Fab fragments. The fragments of high affinity MAb should give higher tumor uptakes with less accumulation in the reticuloendothelium and at the same time a more rapid clearance from the circulation.
For ethical reasons and because tumors are very heterogenous in terms of size, anatomical sites, histology, vascularization, etc., it appears inappropriate to screen the different MAb and their fragments for best tumor localization in patients. The model of nude mice bearing human colon carcinoma xenografts that we originally used for testing polyclonal anti-CEA antibodies in 1074 (7) offers the advantage of a relatively constant tumor antigen expression and accessibility.
Other groups have used similar experimental models of xenografted human
TUMOR LOCALIZATION OF FRAGMENTS OF MONOCLONAL ANTIBODIES
tumors to test the tumor-localizing capacity of polyclonal and monoclonal antibodies directed against various tumor markers (8-15), but no systematic comparison of different MAb and their fragments against the same marker have been reported. Despite the limitations of any experimental model of xenografted human tumors, namely the absence of normal human tissue as counterpart of the tumor transplant, we feel that these in vivo experiments are necessary for the final selection of MAb and fragments before human application. The purpose of this report is to compare the tumor localization capacity in vivo of four anti-CEA MAb with their F(ab')2 and Fab fragments in nude mice bearing human colon carcinoma grafts. The results showed a dramatic increase of specific tumor uptakes of radiolabeled F(ab')~ and Fab fragments as compared with intact antibodies and a marked improvement of tumor detection by external scanning in this experimental model.
Materials and Methods
Production and Screening of Hybridomas. The derivation of 26 new hybridomas that secrete anti-CEA antibodies and their in vitro selection is described in detail elsewhere (6) . Briefly, a BALB/c mouse was injected intraperitonally with 15 ~g of purified colon carcinoma CEA (16) in complete Freund's adjuvant. After 3 too, the mouse was reinjected with 15, 100, and 150 #g of purified CEA in saline at daily intervals (17) . Spleen cells collected 6 d after the first boost were used for fusion with the myeloma cell line NSI/ lag4.1 (18) .
Hybridoma supernatants were screened for antibody production by a binding assay to radiolabeled CEA, using ammonium sulfate precipitation. Supernatants were also screened for strong inhibition of this binding by unlabeled CEA and for weak inhibition of this binding by a normal glycoprotein present in granulocytes and known to cross-react with CEA, called normal glycoprotein (NGP) (19) or nonspecific cross-reacting antigen (NCA) (20) . Cross-reaction of hybridoma supernatant with granulocyte glycoprotein(s) (21) was also tested by immunoperoxidase staining of frozen sections of primary human colon carcinoma using the avidin-biotin system. After this in vitro screening, three new MAb, designated 35, 202, and 192, were selected for in vivo testing in parallel with MAb 23, which had already been used for tumor detection by immunoscintigraphy in patients (2, 3) .
Pur~cation and Testing of Selected MAb.
The selected hybrids were cloned by limiting 7 dilution. Hybridoma ascites were produced by injecting 10 hybrid cells intraperitoneally into Pristane (Aldrich, Beerse, Belgium)-primed BALB/c mice. MAb were purified from ascites by ammonium sulfate precipitation (45% saturation at 4°C) and DE 52 cellulose (Whatman, Balston, England) ion exchange chromatography. The MAb were eluted with a gradient of phosphate buffer, 0.01 to 0.15 M, pH 8 (22) . A control IgG1 was purified by the same procedure, from ascites obtained with myeloma cell line P3×63Ag8 (1) .
The affinities of the four purified MAb for l~I-labeled CEA were determined both in 0.02 M Tris-HC! buffer, pH 7.4, and in 0.15 M phosphate-buffered saline (PBS) using Scatchard Plot and Lineweaver Burke analysis. The affinities in low molarity Tris buffer of these four MAb were all in the range of 1.6-6.2 x 101° M-. The affinities in PBS were 5.8 X 108, 1.1 X 10 9, 6 X 109, and 1.8 x 101° M-for MAb 23, 202, 35, and 192 , respectively. By a radioimmunoassay (5) using immobilized CEA and goat antisera against mouse immunoglobulin isotypes (Meloy, Springfield, VA), it was shown that the four selected MAb were of IgGl subclass.
Reciprocal binding inhibition tests on insolubilized CEA showed that MAb 23 and 202 were reacting with the same or closely related epitopes on CEA, and MAb 35 and 192 were reacting with different epitope.s The four purified MAb were also. tested for binding to purified soluble ~I-labeled NCA (20) 
Injection of Nude Mice Bearing Grafts of Human Colon Carcinoma. The human colon
carcinoma (Co-112) (7) maintained by serial transplantations into BALB/c nude mice produces CEA as demonstrated using immunoperoxidase (26) . Transplanted tumors contain 50-100 #g CEA/g whereas sera from mice bearing tumors of ~ 1 g contain 5-20 ng of CEA per ml of serum as determined by an enzyme immunoassay using anti-CEA Mab (27) After preliminary scanning studies performed at different times, we selected day 3 after injection for intact MAb and day 2 for both types of fragments as the best times for systematic comparison of scannings. Similarly, days 4-5 for intact MAb, day 3 for F(ab')2, and day 2-3 for Fab were chosen for dissection of the animals and direct measurement of the radioactivity in the different organs. The mice were killed by ether anesthesia and 0.5 ml of blood was taken from the vena cava. The tumor as well as all different organs including head and carcass were dissected, weighed, and counted for both iodine isotopes in a dual channel gamma counter. After differential radioactivity analysis, antibody and normal IgG concentrations were expressed in percentages of the total radioactivity recovered. Antibody and normal IgG (NIgG) uptakes into tumor were calculated by dividing the radioactivity concentration in the tumor by the corresponding concentration in individual normal organs or in the whole mouse (without the tumor). Finally, the specificity index of tumor localization was calculated by dividing the antibody uptake into the tumor by the normal IgG uptake according to the following formula: (MAb in tumor/ MAb in normal tissue)/(NIgG in tumor/NIgG in normal tissue).
Autoradiography. The histological distribution of injected, radiolabeled MAb in tumors was analyzed by autoradiography. Mice bearing the tumor Co-112 (7) were injected intravenously with *~SI-labeled MAb or fragments, or with control IgG (160 ~Ci for intact MAb or F(ab')~ fragments and 240 t~Ci for Fab fragments corresponding to 5-10 #g of proteins). The mice were sacrificed the 4th d after injection of intact MAb and the 2nd d after injection of fragments. Half of the resected tumors were fixed in 2.5% glutaraldehyde and embedded in methacrylate, the other half were frozen in isopentane cooled by liquid nitrogen. Sections of 2 t~m for methacrylate-embedded tumors and of 8 ~m for frozen tumors were dipped in Ilford Nuclear Emulsion type L 4 (Ilford, Essex, UK) and developed 2-4 mo later. Tissue sections were stained with nuclear fast red (Merck, Darmstadt, FRG). The CEA present in the same tumor was assessed by immunoperoxidase staining of the frozen section using MAb anti-CEA and the avidin-biotin system (26) . These sections were counterstained with Gill's hematoxylin (Polysciences, Warrington, PA).
Results

In Vitro Selection and Testing of Intact MAb and Fragments. Four anti-CEA MAb
were selected for the present study on the basis of the following criteria: MAb 35 showed the highest specificity for CEA with no cross-reaction with NCA and no binding to human granulocytes. MAb 192 was selected because of its high affinity for CEA in physiologic molarity buffer (1.8 x 101° M-). However, its cross-reaction with NCA and human granulocytes would limit its use in human immunoscintigraphy. MAb 202 was taken because it appears to recognize the same epitope on CEA as the previously used MAb 23 but had a higher affinity in physiologic molarity buffer. MAb 23 had been used for immunoscintigraphy in patients with encouraging results and therefore served here as reference. MAb 202 and 23 did not bind to purified radiolabeled NCA, but both bound to the surface of granulocytes. The percentages of binding of the radiolabeled, intact MAb, and their F(ab')2 and Fab fragments to CEA immobilized on CNBr-activated Sepharose, obtained in PBS are shown in Table I . They ranged between 50 and 78% for MAb and their fragments. Labeled control normal IgG and fragments gave 2.3-6.4% of binding to the same CEA-Sepharose. Table II . The stability of these specificity indices is also reflected by the fact that tumor uptakes of antibodies plotted against those of control IgG fall on a straight line, whose slope is the expression of the specificity of tumor localization (Fig. 6 ). Tumor uptakes can show large variations in relation to the degree of vascularization of different organs but specificity indices are more constant and thus represent more meaningful values.
Tumor Localization of MAb Studied by Paired Labeling Experiments. Groups of 4-
The marked increase of tumor uptakes and specificity indices observed with MAb fragments is in part due to their more rapid elimination, as shown by the decrease of concentration of recovered radioactivity from the whole animal (Table III .) The absolute concentration of fragments in tumors was also decreased (as compared to intact MAb) but to a lesser degree than their concentration in normal tissues (Table III) .
External Scanning Studies. Intact MAb gave clear tumor detection by scanning only 3 d after injection, for relatively large tumors of 0.5-1 g as shown in Fig.  7A . The failure to detect tumors of smaller size or at earlier times was due mostly to the abundance of labeled intact MAb in the blood and thus in the wellvascularized organs, as determined in a few animals sacrificed and dissected at day 2 and 3 (data not shown), and by the results obtained at day 4-5 ( Fig. 2-5 ). F(ab')~ fragments gave earlier positive tumor detection at day 2 ( 0.5g. The best scanning results were obtained with Fab fragments which allowed the clear detection of tumors weighing only 0.1-0.3 g 2 d after injection (Fig.  7, C and D) . It should be noted that all scanning pictures shown represent raw data without any computerized background subtraction.
Autoradiographs of Tumor Sections. Autoradiographs demonstrate that injected
labeled MAb and fragments localized in tumor nodules and not in the stromai connective tissue of mouse origin, as shown for intact MAb (Fig. 8A) . However, the labeled intact MAb were not distributed homogeneously in the entire tumor tissue. There were areas of intense concentration of radioactivity in nonnecrotic tumor tissue, whereas other areas morphologically very similar contained much less radioactivity. The high concentration of radioactivity at the periphery of tumor nodules suggests that the vascularization was an important factor for this antibody distribution. In contrast, necrotic areas of the tumor showed diffuse and very low concentrations of radioactivity. Labeled F(ab')~ and Fab fragments appeared to penetrate deeper into the tumor nodules and to concentrate in the pseudolumen of the malignant glands (Fig. 8, B and C) that contained the highest concentration of CEA, as shown by in vitro immunoperoxidase staining on frozen sections from the same tumor (Fig. 8D ). Mice injected with labeled control normal IgG or fragment showed very low diffuse radioactivity in the tumor (data not shown).
Discussion
We describe herein the first thorough comparative study of tumor localization in vivo of intact MAb and their F(ab')~ and Fab fragments directed against a tumor-associated antigen. Radiolabeled fragments, in particular Fab, gave much higher tumor uptakes and better tumor detection by external scanning than did intact MAb in the model of nude mice grafted with a human colon carcinoma.
This experimental model was chosen because human colon carcinomas grafted in nude mice retain the same histological morphology as the primary human t u m o r (28), and synthetize and release CEA (7), as observed in patients. T h e specificity of the results was assessed by using the paired labeling method described by Pressman et al. (29) in which a control mouse IgG or its fragments labeled with 1~5I is injected simultaneously with the 13~I-labeled MAb. This internal control allows one to correct for any nonspecific accumulation of labeled proteins in t u m o r tissues and the calculated specificity indices represent the most relevant evaluation of the MAb's capacity to bind to antigens present in the tumor. It was of particular interest to evaluate antibody fragments, since our preliminary clinical results using F(ab')2 fragments from our first anti-CEA MAb (2) and from a MAb directed against another colon carcinoma antigen (30) suggested that these fragments gave less nonspecific accumulation of radioactivity in the reticuloendothelium than intact MAb. However, clinical results are often difficult to interpret since they are derived from the evaluation of photoscanning pictures, and direct measurement of radioactivity can be obtained only from surgically resected malignant and normal tissues. Thus, the present experimental results represent a much stronger argument in favor of using fragments of MAb for the detection of tumor in patients. In particular, the fragments of MAb 35, which gave the highest tumor uptakes and the least cross-reaction with human granulocytes, appear to be the best candidate for localization of colorectai carcinoma by immunoscintigraphy in patients.
Our autoradiographic results confirmed the specificity of tumor localization of anti-CEA MAb and fragments at the histological level and differ from those of Lewis et al. (31) who reported that radiolabeled intact goat anti-CEA antibodies localized in the stromal connective tissue of mouse origin present within the grafted human tumor. Despite their specificity, however, our results provide a warning for those who are already considering the use of radiolabeled anti-CEA antibodies for therapy (32) , since the autoradiographs show that the labeled MAb localized in areas with high CEA concentration but not on all carcinoma cells. Therefore if radiotherapy with radiolabeled MAb is considered one should select isotopes capable of destroying tumor cells within a radius of 50-100 #m. High energy alpha-or beta-emitting isotopes with these properties can be coupled to antibodies by metal chelates such as diethylenetriamine pentaacetic acid (33, 34) . Using this chelate, we have recently coupled llqndium to MAb 35 and shown that after injection into nude mice, it gave similar tumor uptakes as those obtained with a3q-labeled MAb. Thus, the MAb and the nude mouse model described here should provide a means to evaluate the possibility of destroying human solid tumors by radioimmunotherapy. Summary Four monoclonal antibodies against carcinoembryonic antigen (CEA) have been selected from 32 hybrids that produce antibodies against this antigen, by the criteria of high affinity for CEA and low cross-reactivity with granulocyte glycoprotein(s). The specificity of tumor localization in vivo of the four MAb, and their F(ab')2 and Fab fragments was compared in nude mice bearing grafts of a serially transplanted, CEA-producing, human colon carcinoma. The distribution of radiolabeled MAb and their fragments after intravenous injection was analyzed by direct measurement of radioactivity in tumor and normal organs, as well as by whole-body scanning and by autoradiography of tumor sections. Paired labeling experiments, in which l sa I-labeled antibody or fragments and l~SI-labeled control IgG are injected simultaneously, were undertaken to determine the relative tumor uptakes of each labeled protein. The tumor antibody uptake divided by that of control IgG defines the specificity index of localization. Tumor antibody uptakes (as compared with the whole mouse), ranging between 7 and 15, and specificity indices ranging between 3.4 and 6.8, were obtained with the four intact MAb at day 4-5 after injection. With F(ab')2 fragments of the four MAb, at day 3, the tumor antibody uptakes ranged between 12 and 24 and the specificity indices between 5.3 and 8. 
